ABSTRACT Malaria control projects based on
M
ALARIA accounts for 300-500 million clinical cases 1989; Zheng et al. 1997; Romans et al. 1999) . The first and 1.5-3 million deaths/year, 90% of which occur strains carrying genes for refractoriness may soon be in Africa (World Health Organization 1993; Marproduced in the laboratory. Parallel efforts are being shall 2001). To date, none of the classical approaches made to develop drive mechanisms that would ensure to malaria control proved effective in Africa and its inthat refractory genes were transmitted at higher rates cidence is still increasing (Marshall 2001) . Among other than those expected simply through Mendelien genetfactors, this is due to the breakdown of mosquito control ics. Transposable elements, viruses, and the intracellular programs, which in turn is due to a lack of funds, a ban symbiont Wolbachia are receiving increasing attention on DDT (Taverne 1999) , and the evolution of mosquito as potential genetic drive systems (Kidwell and Ribeiro resistance to insecticides (Chandre et al. 1999; Coetzee 1992; Ribeiro and Kidwell 1994; Turelli and Hoffet al. 1999) . A number of research groups around the mann 1999; Sinkins and O'Neill 2000) . world are now working toward the development of mo-A major concern regarding the introduction and lecular-level techniques for the genetic control of maspread of refractoriness genes is the possibility that laria vectors (Rai 1996; Collins et al. 2000) . The prime they cannot be integrated into natural malaria vector target species are Anopheles gambiae, the main vector of populations because of barriers to gene flow (Lanzaro malaria in tropical Africa, as well as An. arabiensis and and Tripet 2003) . There is ample evidence that the An. funestus (Cohuet et al. 2004 , accompanying article genetic structure of An. gambiae populations, especially in this issue), two other important vectors. One of the in West Africa, is unusually complex (Touré et al. most appealing approaches would be to decrease ma1998a,b; Powell et al. 1999) . Five "chromosomal forms" laria transmission by spreading genes for refractoriness that may be partially or totally reproductively isolated to Plasmodium into wild vector populations via the rehave been identified on the basis of the distribution of lease of a genetically modified (GM) strain (Carlson six paracentric inversions, namely the j, b, c, u, and d 1996; James et al. 1999) . Recent progress includes transinversions on the right arm of chromosome 2 and the forming anopheline germlines (Catteruccia et al. a inversion on the left arm (Coluzzi and Sabatini 2000) and mapping refractoriness genes (Vernick et al. 1967; Bryan et al. 1982; Touré et al. 1983; Coluzzi et al. 1985) . Similarly, in An. funestus, two chromosomal forms have been described that may be reproductively isolated 1 sion mechanisms and thereby may link and protect coadapted gene complexes (Mayr 1963; Dobzhansky 1970) . In An. gambiae they are thought to confer selective advantages under different environmental conditions on their carriers (Coluzzi 1982; Touré et al. 1994) . In agreement with that hypothesis, the spatial distribution of inversion karyotypes has been shown to strongly correlate with specific ecological zones (Coluzzi et al. 1985; Touré et al. 1994) . In areas where chromosomal forms co-occur, the relative frequencies of inversions also change seasonally, providing further evidence for their adaptive nature (Touré et al. 1994) .
No signs of genetic differentiation between chromosomal forms have been found outside inversion areas except in the intergenic spacer (IGS) and transcribed spacer of the ribosomal DNA locus on the X chromosome (della Torre et al. 2001; Gentile et al. 2001; Mukabayire et al. 2001) . Microsatellite loci near the form may be completely reproductively isolated from could be expected, depending on the amount of gene flow the other two forms (Favia et al. 1997 (Favia et al. , 2001 . In other between forms and within forms and on the geographical parts of West Africa the distribution of M and S molecudistance between the sites under study. lar types is not linked to chromosomal forms (Gentile et al. 2002) but is still thought to characterize partially or completely isolated populations (della Torre et al.
common decent is a complex endeavor (Chambers and MacAvoy 2000; Balloux and Lugon-Moulin 2002). 2002; Wondji et al. 2002) . Direct estimates of hybridization rates seem to argue in favor of semipermeable A number of studies based on genetic markers have assessed the degree of genetic differentiation between boundaries between the putative M and S taxa (reviewed in Lanzaro and Tripet 2003) . In Mali, analyses of the forms (reviewed in Powell et al. 1999; Black and Lanzaro 2001; Lanzaro and Tripet 2003) . They usually distribution of the M and S types in adult females and the sperm extracted from their spermathecae showed failed to find significant differentiation between forms outside inversion areas (Cianchi et al. 1983 ; Lanzaro that, despite assortative mating, rare cross-matings do occur between the M and S types (Tripet et al. 2001 (Tripet et al. , 2003 . A et al. 1998; Wang et al. 2001) or found significant but low levels of differentiation (Wondji et al. 2002) . The few larvae and adults exhibiting hybrid-like IGS patterns have also been observed (della Torre et al. 2001 ; Tayquestion remains, however: How much of that genetic similarity reflects historical vs. contemporary gene flow? lor et al. 2001; Edillo et al. 2002; Diabate et al. 2003) . Although strong selection is expected against hybrids, In addition, co-ancestry and allele-size homoplasy-i.e., allelic identity by state, but not by descent-may bias some level of introgression may occur and this could explain the lack of genetic differentiation between forms gene flow estimates (Estoup and Cornuet 1999; Balloux and Lugon- Moulin 2002) . found in most parts of the genome (Lanzaro et al. 1998; Lanzaro and Tripet 2003) .
To assess the relative level of gene flow, we investigated patterns of genetic differentiation among An. gamComplete reproductive isolation between forms of An. gambiae would have important consequences for the biae populations in an area of Mali, West Africa, where several forms co-occur. We focused on patterns of ge-GM mosquito project since it would multiply the number of transgenic strains required for transforming manetic divergence (F ST ) between 10 Bamako and Mopti populations of An. gambiae from five sites as well as one laria vector populations in a given area. However, if residual gene flow between forms occurs, one could hope population of An. arabiensis, a sibling species of An. gambiae. Analyses were conducted using allelic frequencies that introduced refractoriness genes could be spread between forms using areas of sympatry as corridors for at five microsatellite loci inside the j inversion, which is fixed in the Bamako form but absent from the Mopti gene flow (Lanzaro and Tripet 2003) . Estimating gene flow between forms and distinguishing contemporary form. We assumed no recombination involving Bamako/ Mopti genes at loci within the j inversion. This is because from historical gene flow or genetic similarity due to In zone S and M, the Savanna and Mopti forms are, each time, the only forms to be found. In contrast, in the M and S and in the M, S, and B zones, the Mopti and Savanna or the Mopti, Savanna, and Bamako forms co-occur at various densities; hence these zones could potentially act as corridors for the passage of transgenes between forms.
the discontinuous habitat characteristic of the upper tributarheterokaryotypes between the two forms are extremely ies of the Niger River, an area that features rocky outcrops rare in nature (Touré et al. 1998b ) and recombination and valleys, and enjoy higher rainfalls than the rest of the in heterokaryotypes occurs only through equally rare country. An. gambiae populations in that area are characterdouble crossing over (Krimbas and Powell 1992) . A ized by high proportions of Bamako and Mopti forms while the Savanna form occurs at low frequency in Kalabankoro and second set of analyses used five microsatellite loci on Selenkenyi (0-5%) but is common in Banambani (10-40%).
the third chromosome, which is void of chromosomal Both Moribabougou and N'Gabacoro Droit are located near inversions and where recombination is expected to octhe Niger River at the start of a vast plateau that extends to cur freely. Rather than conducting isolated pairwise the northeast. They exhibit mosquito populations dominated comparisons between forms, we used a hierarchical apby the Mopti and Bamako forms and a few Savanna individuals (0-5%). An. arabiensis occurs at low frequencies throughout proach to describe patterns of genetic differentiation the country (Touré et al. 1998b). between forms as well as within forms and among sites.
Identification of karyotypes and molecular forms: Polytene
This approach allowed us to discriminate between (A) chromosome preparations were made from the ovaries of sema putative genetic structure in which extensive genetic igravid females and DNA was extracted from their head and exchange between forms at a single site results in symthorax using established protocols (Coluzzi 1968; Hunt 1973; Post et al. 1993) . The chromosomal forms of An. gambiae and patric populations of different forms being more similar An. arabiensis were distinguished by scoring chromosomes by than populations of a single form from different localight microscopy. We also determined the IGS rDNA type of tions and (B) a genetic structure in which local gene all samples using the PCR diagnostic developed by Favia et al. flow between forms is overridden by gene flow within (1997) . One individual karyotyped as a Bamako form but exforms across locations (Figure 1 ). The potential effects hibiting a Mopti-like M IGS type was excluded from the analyses. The final numbers of karyotyped females used for this of co-ancestry and homoplasy on estimates of gene flow study are shown in Table 1. were evaluated by estimating gene flow in two situations
Estimates of genetic diversity and differentiation: We estiwhere little is expected: first, between An. gambiae and mated the amount of genetic differentiation between all popuAn. arabiensis, which exhibit premating and postmating lations using 10 microsatellite loci of GT repeats that were reproductive barriers and for which hybridization rates isolated and mapped by Zheng et al. (1996) and used in previous studies (Lanzaro et al. 1995 (Lanzaro et al. , 1998 Tripet et al. 2001). are better known; and second, between the Bamako Five loci were on the third chromosome and five were distriband Mopti forms of An. gambiae, using the set of loci Sample sizes are expressed as number of individuals.
www2.unil.ch/izea/softwares/fstat.html. The same package tially similar to other approaches based on analyses of gene frequencies (Weir and Cockerham 1984; Long 1986) . The was used to conduct an exact test of genetic differentiation among all populations (Raymond and Rousset 1995; Goudet model of genetic structure tested was used to partition the total variance into covariance components that were then used et al. 1996) . Arlequin version 2.001 (Schneider et al. 2001 ; available at http:/ /lgb.unige.ch/arlequin/) was used to calcuto compute fixation indices (Wright 1965) . The significance level of fixation indices was then tested using a nonparametric late F ST values between all pairs of populations. F ST measurements were translated into estimates of the number of mipermutation approach (see Excoffier et al. 1992 for details). The AMOVA analyses were conducted by locus, an option grants per generation (Nm) using the standard formula F ST ϭ 1/(4Nm ϩ 1) (Wright 1931) .
that allows correcting the degrees of freedom for each locus according to their level of missing data, thus maximizing the Cluster analyses and analyses of molecular variance: We used SYSTAT 5.2 (Wilkinson et al. 1992) to perform neighborpower of the analyses (Schneider et al. 2001) . joining cluster analyses on the matrices of pairwise F ST 's generated by Arlequin. After the tree was generated, we tested the statistical significance of major branching between two or RESULTS more members of adjoining taxonomic units by a hierarchical analysis of molecular variance (AMOVA). We used the AMOVA Indices of genetic diversity in relation to forms and developed in Arlequin ) that is essenlocus: Comparisons of the mean number of alleles, gene diversity H S , and observed heterozygosity H O for loci within the j inversion yielded significant differences between the Bamako and Mopti forms of An. gambiae. In each case, Bamako populations exhibited lower genetic diversity than Mopti (permutation tests: P Ͻ 0.05 in all cases). Lower allelic numbers and gene diversities were observed across all five loci. Heterozygosity at locus 197 was the only exception and was slightly higher in the Bamako form (0.800 Ϯ 0.084 as opposed to 0.758 Ϯ 0.086). There was no significant difference between forms in mean inbreeding coefficient F IS . When loci on the third chromosome were considered, no significant differences could be found between Bamako and Mopti forms in terms of mean allelic richness, H S , H O , or F IS (P Ͼ 0.05 in all cases).
Genetic differentiation, divergence, and gene flow between species and forms: The exact test of genetic side and outside the inversion ( Analyses were performed using data from the five sites (Banambani, Kalabankoro, Moribabougou, N'Gabacoro Droit, and Selenkenyi) where the Mopti and Bamako chromosomal forms occurred in sympatry. Fixation indices were equal to 0.084 (among forms), 0.018 (among sites within forms), and 0.068 (within populations). An average degree of freedom is presented for simplicity but the AMOVA was conducted by locus with locusspecific degrees of freedom to better account for missing data (see materials and methods for details).
underlining or italics). In contrast, genetic differentiations. For loci inside the j inversion the analysis yielded a tree in which forms clustered together, forming two tion between forms was significant for loci inside the inversion but, for the most part, not significant for loci deeply rooted groups ( Figure 4A ). For loci on chromosome 3, forms were grouped likewise but the branching on the third chromosome (Table 2, italicized data).
F ST estimates between An. arabiensis and An. gambiae between forms was a lot shallower ( Figure 4B ). For both sets of loci, the clusters by form differed significantly as were high and significant for loci both inside the j inversion (mean equal to 0.100 Ϯ 0.014 SD) and on the shown by an analysis of molecular variance (see below). Allele frequencies from the 10 sympatric Mopti and third chromosome (mean equal to 0.132 Ϯ 0.012; Table 2, underlined data). F ST 's within forms of An. gambiae Bamako populations from the five villages were fitted to a model of AMOVA partitioning the variance into were generally low for loci both inside (0.019 Ϯ 0.015) and outside the inversion (0.007 Ϯ 0.008) and varied components of "within site," "between sites within form," and "between forms." For data based on loci inside the in their levels of significance (Table 2 , data with no underlining or italics). In contrast, F ST 's between forms j inversion, the between-form component explained nearly 7% of the variance (Table 3) . For loci on the were high and significant for loci inside the inversion (0.081 Ϯ 0.024; Table 2 , italicized data). For loci on the third chromosome, this component explained only 1% of the variation (Table 4 ). The effect of form was highly third chromosome, F ST 's were much lower (0.018 Ϯ 0.008) and many comparisons were not significant (Table 2, significant in both models. The within-site and betweensite within-form components of the models explained italicized data).
We also examined F ST estimates between species and a significant amount of variance for both areas of the genome. Removing locus 788 from the analyses did not forms and within forms, locus by locus, to assess variation among loci. Within-form comparisons were characchange those patterns although it decreased the amount of variance explained by the between-site within-form terized by low F ST for all loci (mean 0.016 Ϯ 0.03). The exception was locus 788 in j inversion, which yielded component of the model presented in Table 2 to obtain estitween-form comparisons yielded higher F ST values for all loci inside the j inversion (0.084 Ϯ 0.051) compared mates of the number of migrants per generation Nm between pairs of populations. Concordant with our tests with those on chromosome 3 (0.022 Ϯ 0.007). The high amounts of genetic divergence observed for locus 788 of genetic differentiation and F ST estimates, migration between populations within forms was found to be very within the Bamako form generated elevated F ST comparisons between forms for this locus (0.168 Ϯ 0.111).
high for both areas of the genome. Comparisons between the An. arabiensis population and the An. gambiae Between-species comparisons were characterized by a high amount of variation in F ST values with some loci population yielded Nm's significantly higher than zero for loci inside the j inversion (mean: 2.3 Ϯ 0.4 SD) and exhibiting very high amounts of divergence and others very little (range 0.035-0.283; mean 0.116 Ϯ 0.030).
on the third chromosome (mean: 1.7 Ϯ 0.2; Table 5 ).
Estimates of migration between forms differed acThese patterns were observed for loci both inside the inversion and on the third chromosome.
cording to the area of the genome considered. For loci in the inversion area, Nm's were low and the variance Cluster analysis and hierarchical analysis of molecular variance: We used the matrices of F ST 's based on the set was low (mean: 3.1 Ϯ 1.0). For loci on chromosome 3, Nm's were considerably higher and more variable of loci inside the j inversion and on chromosome 3 (Table 2 ) to build neighbor-joining trees of all popula-(mean: 16.7 Ϯ 9.0). Estimates of migration within forms Table 2 , using the neighbor-joining method of cluster analysis. In A, the tree is based on the microsatellite loci inside the j inversion, and in B, the tree is based on microsatellite loci on chromosome 3. Asterisks (*) indicate a significant statistical difference (P Ͻ 0.001) between the clusters of Bamako and Mopti populations by an analysis of AMOVA. See text for further details.
based on the third chromosome ranged from 9.8 to were performed without locus 788 with little effect on the outcome (mean: 12.8 Ϯ 9.0). infinity ( Table 5 ).
Assuming that Nm's obtained for loci inside the j inversion reflect biases from co-ancestry or allele-size DISCUSSION homoplasy (see discussion), we subtracted these from chromosome 3 estimates to obtain conservative estiAdaptive inversion and speciation: The high degree of genetic differentiation and the high F ST estimates mates of gene flow between forms. The resulting Nm's between populations of the different forms were still between forms found for loci inside the j inversion are consistent with the view that this inversion links and considerable (mean: 13.3 Ϯ 9.6). The same analyses Fixation indices were equal to 0.019 (among forms), 0.009 (among sites within forms), and 0.011 (within populations).
a An average degree of freedom is presented for simplicity (see materials and methods for details). protects co-adapted gene complexes from recombinain diverging species. In An. gambiae, heterokaryotypes between the Bamako and Mopti forms produce reprotion (Dobzhansky and Pavlovsky 1958; Dobzhansky 1970; Coluzzi 1982) . The potential role of paracentric ductively normal progeny of both sexes (Persiani et al. 1986) . Without a direct involvement of the paracentric inversions for the evolution of species and forms in the An. gambiae complex has been discussed by Coluzzi j inversion in the speciation process through a decrease in fertility of inversion heterozygotes, it seems more (1982) and Coluzzi et al. (1985 Coluzzi et al. ( , 2002 . Inversions are considered chromosomal mechanisms that preserve plausible that the inversion facilitated speciation through its role as recombination suppressor. If, as suggested gene associations arising in populations that are temporarily isolated in geographically or ecologically marginal here, the Bamako form of An. gambiae is undergoing or has undergone speciation through such a process, it habitats (Coluzzi 1982; Coluzzi et al. 1985 Coluzzi et al. , 2002 . If in such a marginal population an adaptive inversion probably did so from a Savanna-like ancestor with whom it shares the S rDNA type. The significantly lower genetic reaches fixation upon secondary contact with another population, selection against "hybrids" between the two diversity found in the j inversion of the Bamako form as compared to the same area in the Mopti form suggests populations may occur. The genetic content of the inversion itself remains largely protected because of the that indeed the Bamako form may have evolved following the fixation of the j inversion in a small marginal rarity of crossing over in that area of the genome (Krimbas and Powell 1992). These two effects combined founding population. Whether the j inversion reached fixation under such a process of speciation or another, may promote the rapid evolution of premating barriers to hybridization and thus may have a fundamental role its content underwent a strong genetic sweep and this is likely to be the main cause of decreased genetic diverin speciation processes within the species complex. Rieseberg (2001) and Hey (2003) recently discussed sity in that area of the genome. This initial loss of diversity has apparently not yet been regenerated by mutation the potential role of inversions in suppressing recombination and providing linkage between genes causing nor has it been recovered by genetic exchange between forms. In contrast, we observed comparable estimates assortative mating and those under disruptive selection of genetic diversities between the two forms on the third may spread within and between populations at various spatial scales and to identify biological and physical feachromosome. In this area of the genome, recombination can occur freely and selection against recombinants tures of the environment that may interfere with their movements (Lanzaro and Tripet 2003) . F ST estimates may be less intense. The lack of significant genetic differentiation and values of F ST 's for that area of the genome can potentially be biased by allelic identity by descent (co-ancestry) and allelic identity by state (homoplasy; strongly support the idea that introgression between forms is responsible for those patterns. Recent studies Estoup and Cornuet 1999; Chambers and MacAvoy 2000; Balloux and Lugon- Moulin 2002) . Consequently, of D. pseudoobscura and D. persimilis have reported comparable patterns of genetic differentiation within and assessing potential biases can facilitate our interpretations of F ST estimates and improve our understanding outside fixed inversions (Wang et al. 1997; Rieseberg et al. 1999; Machado et al. 2002) . Noor et al. (2001) of An. gambiae's population structure. Taylor et al. (2001) , for example, compared estimates of gene flow also found genes contributing to hybrid male sterility and female mate preference in D. pseudoobscura and within the Mopti, Bamako, and Savanna forms derived from F ST 's with those measured by mark-release-recap-D. persimilis that were associated with fixed inversions differing between the two species. Taken together, these ture experiments (MRR) between two villages. F ST 's yielded an estimated Nm ϭ 55.3 Ϯ 54.9 SD and were results support the view that chromosomal inversions may promote speciation through their role in recommarkedly consistent with the Nm ϭ 56.8 Ϯ 19.7 obtained by MRR (Taylor et al. 2001) . In this study we conducted bination and patterns of gene flow (Rieseberg 2001; Hey 2003) .
two types of comparisons based on microsatellite loci that could give us a better idea of the effects of coContrary to the Bamako form, the Mopti form could not have diverged from the Savanna-Bamako group unancestry and homoplasy on indirect estimates of gene flow. F ST 's between An. gambiae and its sister species, der a simple scenario of speciation because it does not feature any characteristic fixed inversion (Touré et al. An. arabiensis, were used to estimate a migration rate, Nm, of ‫2ف‬ migrants per generation. This estimate can 1983; Coluzzi et al. 1985) . As is the case among members of Drosophila species groups, models of speciation be compared to direct measures of hybridization rate made by extensive cytogenetic studies, which have shown involving inversion fixation can reasonably be assumed in certain cases-e.g., D. pseudoobscura and D. persimilis the frequency of hybridization between the two sister species to be close to 0.05% (White 1970; Petrarca (King 1993; Noor et al. 2001) -but in pairs that do not feature fixed characteristic inversions-e.g., D. pseudoet al. 1991; Touré et al. 1998b ). Effective population sizes in a village such as Banambani ranged from 2000 obscura and D. pseudoobscura bogotana-other processes of speciation must be involved (Powell 1997 ; Wang to 6000 (Taylor et al. 1993; Touré et al. 1998a) . The product of the hybridization rate and effective populaet al. 1997) . At present it is unknown how much gene flow occurs through direct hybridization between the tion size gives an estimate of one to three hybrids, equivalent to 0.5-1.5 migrants produced per generation. Bamako and Mopti forms or if introgression between the two occurs through the Savanna form. Cytogenetic These rough estimations suggest that neither co-ancestry nor homoplasy substantially biased Nm's between the studies seemed to support the latter by showing frequent hybrid-like heterokaryotypes between the Savanna and two species. It should be noted, however, that the high variance in F ST 's observed between loci tends to indicate Bamako forms and the Savanna and Mopti forms but not between the Bamako and Mopti forms (Touré et al. that some loci may indeed be prone to homoplasy and that overall this may contribute to a slight underestima-1994, 1998b) . However, the rDNA diagnostic applied to these heterokaryotypes did not yield hybrid patterns, tion of F ST 's and an overestimation of Nm's. The second type of comparisons we used to assess potential biases thereby suggesting that these heterokaryotypes may be the result of floating inversions atypical of each form were between-form F ST 's based on loci inside the j inversion. These yielded an average migration rate of three occurring at low frequencies rather than the result of hybrids (Favia et al. 1997) . Whether these atypical inverindividuals per generation. Assuming, conservatively, that these three migrants solely reflect biases due to co-ancessions are traces of rare introgression events or independent events of chromosomal rearrangements remains try and/or homoplasy, we can conclude that these confounding factors do not seriously bias gene flow estimates to be investigated (Lanzaro and Tripet 2003) .
Disentangling past and current gene flow: Estimating between the forms of An. gambiae based on microsatellites. Differentiating ongoing gene flow from gene flow that current gene flow within and among forms of An. gambiae is of critical importance in the context of the GM occurred in the recent past has been and remains the main problem associated with the use of microsatellite mosquito project. Population genetic studies are required for identifying discrete population groups across markers in the An. gambiae complex. Recent methods based on coalescence theory and maximum likelihoods, Africa, for determining their geographical distribution, and for evaluating the degree to which they are reprosuch as those implemented in Migrate 1.5 (Beerli 2002) and the combined haplotypes/short-tandem-repeat analyductively isolated (Lanzaro and Tripet 2003) . They are also necessary to estimate the rate at which genes ses recently proposed by Hey et al. (2004) , offer the possibility of estimating population sizes at divergence Consequences for malaria control programs: The patterns of gene flow reported here have important implias well as gene flow since divergence. These methods can be useful for detecting dispersal between distant cations for the mosquito genetic control project. They stress the fact that gene inserts should be targeted to populations but their assumptions of constant population sizes and divergence followed by constant gene flow areas of the genome located outside inversions if they are to be spread efficiently. Although we focused on the (Beerli and Felsenstein 1999; Hey et al. 2004 ) limit their use for estimating and interpreting gene flow beextreme case of one form possessing a fixed inversion and another not, inversions, fixed or floating, will intertween forms of An. gambiae. Thus F-statistics currently remain the best tool for studying population structure fere with the spread of transgenes between populations both within and between forms. This is because recombiin An. gambiae despite the difficulties in interpreting pairwise F ST 's between populations of different forms nation rates can be expected to be just as rare in withinforms as in between-form heterokaryotypes. Chromo-(Lanzaro and Tripet 2003) . Typically, the low levels of genetic divergence between forms characterizing arsome 3, which enjoys a higher recombination rate than the X chromosome and the inversion-rich chromoeas of the genome away from inversions have been interpreted as evidence either for incomplete reproductive some 2, would be the logical location for gene inserts. isolation or for complete reproductive isolation, deOur results also suggest that multiple transgenic strains pending on the authors (e.g., Lanzaro et al. 1998 ; Wonwill be needed for effective manipulation of malaria dji et al. 2002; Lanzaro and Tripet 2003) . Here, we vector populations. Our study clearly shows that local attempted to compensate for the low interpretative residual gene flow between forms is almost negligible power of isolated between-form comparisons by examincompared to the extensive gene flow within forms. ing a large number of populations at a wider spatial Hence, if refractory mosquitoes of one form are released scale (125 km). If current gene flow is important, one in a given location, the genetic construct will spread over could expect that two sympatric populations of the Baa considerable geographical range before potentially mako and Mopti forms could locally be more similar passing to another form. As a result, malaria incidence than two distant populations of the same form. Thus is not likely to decrease significantly in the area of the one could expect a genetic structure intermediate berelease unless all species and forms of vectorial importween the structures A and B presented in Figure 1 . In tance are targeted simultaneously. Furthermore, betheir early study based on 21 microsatellite loci spanning cause mosquitoes expressing refractory genes and carthe entire genome and Bamako and Mopti populations rying the genetic-drive system are likely to exhibit some from the villages of Banambani and Selenkenyi, Lanfitness costs (Yan et al. 1997; Catteruccia et al. 2003 Catteruccia et al. ), zaro et al. (1998 presented data for the third and the simply transforming the most abundant form would X chromosome suggesting that this might be the case.
leave the opportunity for other mosquito vectors of maIf current gene flow is low or absent, one can expect laria to expand their ecological niche and out-compete within-form gene flow to quickly override these patterns the refractory population (Curtis et al. 1999) . and populations to cluster according to their forms 
